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EFFECT OF ALLOYING ELEMENTS ON HEAT-RESISTANT PROPERTTES
OF CHROMIUM STAINLESS STEELS
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Metallov G. P. Fedortsov-Lutikoy ; Engr

Moscow, Wo 6, Jun 1956, pp 2-16 M. F. Sheshenev, Central

Scientific-Research Institute of
Technology and Machine Building

{Mmbers in Parentheses refer to eppended references. Tables and figures
referred to are also appended. ]

Introduction
~—~zzoduction

To increase the economy of steam turbines it is most important to in-
¢rease the initial steam parameters (temperature and pressure ), vwhich are
limited by the inadequate strength of materials currently used i
building. Stationary boiler and turbine aggregates operating in steam
temperatures of 565-650° and pressures of 130-300 atmospheres should be
built in the pext few years. The unit rating of turbines must be increased
to 200,000-300,000 kilowatts. This boses serious problems to metallurgists
in their quest for nev, dependable, inexpensive, and suitable heat-resistant
materials for new types of steam boilers and turbines,

The investigations described herein aimed at finding nonaus“enitic blade

materials which would satisfy specified conditions for service at tempera-
which would be steel-based but would not contain any

nickel. Chromium stainless steels 1Knl3 and 2Khl3 were used Tor many years
in the production of stesm tyrbine rotors and guide vanes operating at tem-
peratures of up to 51¢C (l . Th respond well to forging,
rolling, erd s smping; - have ‘high over-all corrosion resistance; do not
tend toward intercrystalline corrosion in condensates ; and, when hardened
and tempered, have favorable mechanical properties. ~ However » lcw heat
resistance at temperature over 5259 1imits their application. Therefore,
in the development of economic heat-resistant steels for use in high-parameter
steanm turbine blades, it is desirable to increase the heat resistance of such
steels and to meke them suitable for service at 565-600° by supplementary

alloying.

In othexr countries, and especially in the US and Englard, experiments
vere conducted in the developrent of heat-resistant steels based on 12%
chromium stainless steels. The chemical compositions of Soviet and
foreign chromium steels are listed in Table 1.

In the development of high chromium heat-resiatant steels, the re-
searchers did not alloy with molybdenum and vacadium, with which it wag
possible to obtain the best heat-resistant properties in peerlitic steels
with 1-3% Cr. Most of the steels contain only 0.10-0.30% ¥, but also have
other alloying elements (¥, ¥b, Co). Accerding to foreign date, only the
H-46 steel (see Table 1), which is used for disks and other parts of gas,
aviation, marine, and other turbines, contains 0.70%6 V and even its
vanadium content, according to the latest data, was decreased to 0.3%.

An investigation (2) of the heat-resistant properties of 12% chromium
steel containing niobium showed that ap increase in the carbon content
causes an increase in the rate of creep. The steel has optimum properties
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with a 0.15% ¢ content. This conclusion is confirmeq in prectice. The f:{’
table shows that the vast szjority of steels contain 0.10-0.20% ¢. a1l 5’ &
the steels examined conteineqd molybdenum. In alloying e stainless steel R

(0.2% ¢ ong 14,04 Cr) with molybdemun (3), the stress which causes a .

total deformation or 0.2% at 550° in 1,000 hours increased from 3 to p
5.5 kg/rm<, Nonetheless, the heat-resistant Properties of steel remain ’ b {
too low for turbine parts Operating at temperatures over 550°. Mo cbtain ]
higher heat-resistant charecteristics » the molybdenun content of some
steels is inereased to 2.5-3% or, begides 0.54 Mo, other 2lloying elements
are added (¥, v, 1p). According to the literature (2-5), cne of the most e
heat-resistant steels In the Rex LLS steel. Besides 0.7¢ Mo, 1t contains " o
carbide-forming elements such as V (0.10-0.20% ) end Mb (0.3-0.6%).

This steel ig used for gns turhine blades and disks ang has good
mechanies] Properties at roonp and high temperatures up to 650" and good
heat-resistant broperties at temperatures up to 600° for service 1ife
not €xceeding 1,000 hours., There is very 1ittle data on the behavior
Of this steel during longer service. The only date is that at 600° gnd
a s":ress of about 7 kg/rm2, after 10,000 hours, its total defornation is
0.2%,

In the Us, despite the shortage of tungsten, stecls of this class,
vwhich contain up to 3.073 W, 2re used. There is a lack of data in the
literature op the efrect that tungsten hes ogn the properties of 129
chromium steels,

Existing data permit the conclusion that, despite the importance of
the practical application of 12% chromiun steels having additional ad-
mixtures, there is no systematic investigation of the effect or individual
hardening elements cn the structure apg Properties of this type of steel.
There 1is also no satisfactory explanation of the effect of the more im.
Portant of these elements on heat-resistant Propertieg.

Experimental Section
—————T & vection

The experiments vere based on g chromium-molybdenmn stainless steel
having the following chemical composition: 0.10-0.15% C; 10.0-12.04 Cr;
and 0.6—0.8% Mo. After hardening and high tempering the steel had a sorbitic
structure (see Figure 1). Both strong carbide-forming elements (Nb, Ti) and
elements which are easily soluble ip ferrite (V, W) were investignied for
supplementary alloying. fThe alloying elements were introduced in surfi.
ciently wide limits (Tebie 2}, both separately and together.

Each heat was Sseparated into threre varts, which differed in their content
of one element; this element wos added after the Pcuring of the previous
part. Thus, three stcel compositions were obtained from each heat, forming
& series having the some base.

Ingots 12 kg in veight were forged into rods and heat-treated as fol%ows:
hardened at 1,050°, soaked ror one hour, cooled ipn 0il, tempered at 650 B
soaked for 3 hours, end subsequently air-cooled. The heat-trentment was
selected on the basis of en investigation of dilatometric curves as well as
the structure and hardness of steel after experimental hardening at various
temperatures. The hest-trestment used assured a grain size of Yo 6-8 of the
normal scale in all the steels. Thus, the chance or varylng initiel grain
sizes affecting the iroperties of the steel was averted,
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the mechanics of the effect of alloying elements on the heat-resistant proper-

ties of steel, an extended investigation of the carbige phase was
The chemical composition of ferrite is listed in Table

(Table 3).

The investigation of a 12% Cr-Mo steel

ficiently heat

-resistant in the range of 550-600°.

conducted
L,

for creep showed that it i insur-

The investigation or the

that, in the presence of a large

corposition of the carbide phase of steel showed
amount of chromium (12%), vanadiun remains principally in solid solution, form-
ing an insignificant amount of the carbide VC, in which is combined not over

of the total vanadium content of the steel. In the tempering and aging
from the solid solution of these steels, there is separated a chromium carbide
Mep3C6, in which a larse amount of the molybdenum is dissolved (up to 25% of
its“content in the steel).
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Because of the impoverishment of the solid Solution by molybdenum ang the
Possible Veakening of the intracrystalline bonds in the ferrite crystals, ow-
ing to the vanadium dissolved 4n it -- ang this is indicated ip the literature

-- with a high content of the lutter, the heat-resista.nt Properties of
steel fgll sharplyé this 15 evep more apparent if the test temperature ig in-
creased to 600-630 (Figure 7). However, {r alloyed with smal), admixtureg of
vanadium (up t¢ 0.3%), the resistance to deformation of 12% Cr-Mo stee] is

solution. fhig is confirmeq Particularly by the fact that under lengthy aging
(up to 10,000 hours at 600°), the relative molybdenum content in the solid so-
lution gng the carbides remains Practically unchangeqd by comparison with the
initial (Table Ly,

Thus, the role played by vanadium in the 129 cr-pmo steels, ag g result of
t of the lav of active masses during Phase f‘ormation, is entirely

different from its role in the commop 1-3% Cr-Mo steels ip vwhich the vanadium
i the basie carbide-forming element, which permits the retention of the molyhe
denum in 80114 solution and therefore maintains the high heat-resistanee of
this clagg of steels. Tnasmuch as there is gn increase in the heat-resismnt
Properties of 129, Cr-Mo steel vhen ~0.3% v is introduced irto it, steel having
the following composition wag selected as the basis for composition investi-
gations: 0.10-0.15¢ ¢; 10-12% cr; 0.6-0.8% to; ana 0.2-0.3% v.

The investigation of the effect of admixtures of the strongest carbide.
forming element, titanium, on the structures ang Properties of steel showed
that when the T{ content is incremsed from 0.15% to 0.55% the quantity of fer-
rite in the steel is greatly increased and the mechanical Properties decreaged.
An analysis of the carbide phase shows that, in the Presence of titanium, there I
is formed g specinl TiC carbide, the Tiy nitride ang chromium carbide Meggcs. I
According to datg vwhich sti1] require additiopa) checking, about 304 orf the
total titanium content of steel, in the initial state anq after aging, ig ip
solid solution if the T4 content is over 0.104. The nolybdenum content in
the carbide pPhase is decreased in the Presence of titanium as the content or
the latter 1s increaseqd (from 23 to 10% of the molybdenum content of the steal ),

The stability of the solid solution (ferrite) in the presence of titanium
is increased, vhich is generally confirmed by phase analysis dats both before 4
and after aging for 10,000 hours at 600°, However, apparently because of the *
impoverishment of the solid solution by the carbon, its strength decreases,
and this explains the decrease ip the resistance to creep at g relatively lgw i
temperature (5500 gnq 8 kg/mm?) 1n steels containing more then 0.14 i,

At 600° titanium hasg Practically no effect on the creep resistance of steel
(Figure 8).

At higher temperatures (630°) ang comparatively low stress (% kg/mm? )}, the
stability of the 501id solution becomes the decisive factor, assuring a relg.

tive increase in the resistance to creep of steel whep 1ts titanium content ig
increased.

The data obtaineq Permit the conclusion that the alloying of 129 Mo-v steels ‘ 4
with titanium does not make 1t Possible to obtajn Steel suff'iciently heat-re- o

A study of the effect of enother carbide-forming element (niobiu.m, up to
0.7%) on the structure ang Properties of gteel shows that, whep 1ts content is
increased, the ferrite constituent in the steel structure is also increased ag
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much as in steels containing titanium., The strength properties and the im-
pact strength are simultaneously decreased. Of greatest interest is the
study of creep resistance of steels with verying niobium contents.

Thus, the introduction of even 0.15% nicbium into stee? considerably in-
creases the creep resistance of the steel in the temperature range of 600-
630° and under relatively low (6-b kg/mn2) stresszes (Figure 8). With the
subsequent increase in niocbium content to 0.h5-0.71%, the rate of creep at

00~ continues to decrease and only at 630° does a nlobium content beyond
0.45% cause & sharp softening of the steel.

In analvzing the carbide phase it was establisked that, as the nicbium con-
tent of cteel was increased, the quantity of chromium cartides MesyCg 1s sharply
decreased ana e becomes the basic carbide separated from the soiid solution.
Moreover, the molybdenum content of the solid solution ig continually increased
from 87 to 984 of its total content in the steel at the expense of iis decrease
in the carbide phase. During lengthy aging (10,000 kours at 600°)an additional
decrease is observed in the chromium content of the ¢arbides and an increase in
the molybdenum ana niobium eontent.

Unlike titanium, niobium apparently does not enter into the composition of

the ferrite but remains entirely in the carbide phase. Tre great stability of

y the solid solution of ferrite in the presence of nlobium {wher its content is
- up to 0.k5%) assures a2 considerable increase in creep resistance.

Cf greatest interest are the series of steels alloyed witn tungsten (elther
with or without nicbium). Tungsten s 85 ls molybdenum, ie among the elements
¢as8ily dissolved in ferrite at room and high temperatures. Tre large atomic
redius of this element results in great distortions in iis cr+ stalline lattice,
Nonetheless, as is known, tungsten is a lesser carbide-rorming element tnan
vanadium, titanium, or niobium.

The creep resistance of steels containing tungsten increases as the tung-
sten content is increased, with the greatest strengihening effect obteined at
600°. At a lower temperature (550°) the effect of the tungsten is signifi-
cantly less. Of all the steel compositions investigated, the smallest rate
of creep (0.6 X 10-5¢/hour) at 600° and 6 kg/m® was in a steel containing
about 4% W (Figure 8).

With the simultaneous presence of niobium (~0.4%) and tungsten {up to 1.5%)
in steel, the effect of the latter on the resistance to small Plastic deforma-
ticns is less noticeable. But, as seen from Figure 9, when the tungsten cgn-
tent is increased to %.0%, the rated creep strength (for a rate of 1 X 10~ %/ -
hour)increases sharply. Thus, with a high tungsten content, the effect of .
niobium on the heat-resistent properties is greatly decreased, and such prep- i ‘
erties remain at the same level as in steels containing tungsten but no nic-

biwu. ' . 4"

The test results fo: contimous strength at a temperature of 600° and a
stress of 11 kg/mm2 are presented in Table 5.

An analysis of the date presented shows that all the steels investigated : i
maintain their high plasticity during long-run tests. In comparing the time : I
to destruction of steel specimens of various compositions it may be seen that : J
these date generally conform with the creep test results. The fact that tita-
nium is not a very effective element is particularly verified.

: With inerease in the vanedium content » the long-run strength of steel de-
creases.
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Niobium-series steels have relatively good properties. However, if the
nicbium content is high (0.7%) the strength properties are decreased and gre
DPractically the same as those of the 12‘,’5 Cr-Mo steel, which attests to the
insufficient strength of a low-alloyed basic solid solution (ferrite).

Steel with a 3.9 tungsten content has the maximum continuous strength,
Thus, the great effect of tungsten in increasing creep resistance and con-
tinuous strength 1is epparent. teels alloyed with tungsten, as was shown
above, have very good mechanical properties. More detailed mdditional in-
vestigations were therefore conducted on steels Supplementarily alloyed with
tungsten as well as with tungsten and nicbium.

Tests have shown that all the steels investigated are charncterized by a
high pPlasticity. For example, steel containing 3.4% W and 0.4% Wb, after
destruction at 6,555 hours, had a relative elongation of 27.8% and a reduc-
tion in area of 56.0%; the destruction was intracrvstalline. Curves have
been plotted relating time to destruction to Stress € = £{8) in a logarith-
mic¢ coordinate system, on the basis of test results. As seen from these
curves (F:'?ure 10), at 600° tungsten considerably increaseg continuous strength
(Gapfor 107 hours ); moreover, its greatest value (i8 kg/mm= ) occurs with a Ly,

- tin content. Steel not containing tungsten but baving the same tgtal content
.} : of other alloying elements has e continuous strengtn of ~~ 7 kgfmm®.

In the carbide Precipitate of the tungsten-series steels not containicg
any niobium, when the tungsten content is increased w0 b, trere 1s also
found, besides the chromium carbide Me23C6, & complex carbide (Fe, Cr, W, Mo, :
V)nC vith an enlarged lattice parameter. The golid solution of these steels |
1s, in the initial state (after hardening and Lempering)}, very strongly gl- Z
loyed with molybdenum and tungsten; it contains up to 90% Mo and over Q% W
~ (of their content in the steel). After long-tinme aging (10,000 nours) at
: 600°, the chromium content of the carbide precipitate is somevhnt decreaszed, |
the molybdenum content remains unchanged, while the tungsten increases (by about ;
two times ). :

Roentgen ray analysis has still failed to show whether a new phase (FpW)
appears or whether the quantity of the complex carbide is increased.

An anelysis of the carbide precipitate from the series of steels contain-
ing tungsten and niobium (~0.4% Nb) shows thet KbC is the basic carbide in
the initial state; all the Ib, moreover, is in the carbide precipitate. Be-
sides the NbC, chromium carbide Meesc is present; mo complex carbide is found
in the steel after hardening and tempéring. After aging (to 3,000 hours at
600°), the chromium content of the Precipitate decreases, while the tungsten
and iron content sharply increase, which means that a complex carbide other
than Me23C6 or the compound Feew is probably present in these steels,

It is st11l impossible to determine vhich phase, other than the carbide NbC,
is present in steel since only weak, diffused 1ines appear on the roentgenogram.

large amount of molybdenum and tungsten (over T0-804 Mo and 50-60% W of their

A solid -~olution of these steels, even after long-time aging, contains a ' ‘ :
totel content in the steel). #

Thus, alloying 12% Cr-Mo steels with tungsten is very effective. The tung-
sten is effective in that & considerable part of it goes into the o¢-solid solu-~
tion, while the other part goes into special complex carbides. Tungsten
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greatly strengthens ferrite at high tempera.tures, retards diffusion Processes, ; i’ .
and increageg the temperature op Tecrystallization. In the presence of tung- ‘ ; .
sten g considerable part of the molytderum remains in soliq solution. N ![
.
The Presence of g greatly strengthened 2011d solutioy and a sufficient ! ,h
Quantity of the carbige phase assures Ligh hea.t-resis:ant Properties for 12% ]
Cr-Mo steels which are alloyed with g large amount of turgstep, Wonetheless,
besides favorable strength Properties, theee alloys have satisfastery plastic- .
Tt ang impact strength, which are maintained over g very long time interval E:'—"'_“—_,
at high tc.-.perature. i

Steels containing tungsten ang niobium are of interest singe in their heat-
resistant Properties they gre Lot inferior L0, and are EvVen superior 4o steels
containing tungsten byt RO niobium, ag a result of the €ven more stable solid
Solution, They are, however, almost entirely ferritic, wnlch results ina
considerable decreese in impact strength at Toon temperatyre and may cause
dif‘f’iculties in heat-treatnent and welding.

Conclusions
—=—==5ions

The exreriments conducted on the 124 Cr-po steels containing additional
alloying elements permit the following conclusions,

1. The heat-resistant Properties of eteel are most effectively improved
by alloying with tungsten; moreover, steel has the begt Properties when 4t
contains about 4% tungsten.

2. Alloying with niobium increases the heaf.-resistant Properties of steel
if the nicbium content does pot, éxceed 0.459, However, the heat Tesistance
of such steelg is lower thaep that of steels alloyed wity lungsten (~Lg W),

3. Alloying wity both tungsten and niobium (~k44 ¥ augq 0.4 ) increases
heat-resistant Properties Somewhat more than does a.lloying with just tungsten,
but the impaet strength is decreased and difficul‘cies e€merge in heat-treatment.

' Investigations showed thgt increased heat-resistant Properties gre
caused first, by the strengthening of the solig solution (ferrite) by such
elements g5 molybdenum ang tungsten, Increasing tre Etability of the s011d )
solution by introducing strong carbide-forming elements (niobium) increases o
only the resistance to small plastic dez‘ormations during ¢reep if the solid )
solution ig not additionally strengthened by other elements (w, Mo). The
80lid solution is additiom.lly strengthened by the Separation of the carbides

Properties as g result of its transformation in corsiderable Quantities into - ,
solid solution {ferrite).

6. The effect of titaniym as a strengthening element in the investigateq
steels was found to he insignlricant, even though its effect ig increased with

7. On the basis of the effects of alloying elements on the heat-resistant
Properties of 12% Cr-Mo steel which have been uncovered in thig investige.tion,
tWo grades of g new blade materia] for steanm turbines Operating at 550-600°
have been developed ang are recommended for industrial testing, These steels
contain no nickel and are simlilar to the austenitic Steels of the type EI123
in their heat-resistgnt Properties.

-3
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The chemical composition and properties of these new steels at £00° are
ligted in Table 6.

\i 1

The impact strength at rocm temperature for hardened and tempered metal, P
smelted under eiécher leboratory or industrial conditions, is within the range : " .
of L.5-14 kgm/em® for the EI757 steel and 10-15 kgm/cm2 for the EI756 steel. i ' 2

After aging for 3,080-10,000 hours at 600°, impact strength becomes stabi- b
lized at 3-4 kgm/cm®. ;

In the industrial smeliing and forging of these steels it was established
that their technological properties are entirely adequate. Blades made of

the EI756 and EXI757 steels have been installed ip one of the experimental
turbines of the Khar'kov Turbine Plant imeni Kirov.
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Figures

Flgure 1. Microstructure of 12¢
Cr-Mo steel. X500.

Figure 2. Microstructure of 124
Cr-Mo-V-Nb steel
(0.70% Nb). X500.
o Ty
S Gad ’ . '/ gyt
o0t 1 Y ;/ [T
Nl
e Wold L2020
N
200} 32 LTI I
LN \:
4\/\'\.5
&4, e VAR R ITR 74
H = n +
- P
w0} v ; i el
T T
2] - B e Y ,,: ~l\ ,j; ! : 10 1y
Pt P
y mENRERNN
J a4 WV ¢ e Jigy Q4 a3l

Weigh f,%

Figure 3. The effect of alloying elements
(v, Nb, Ti) on the mechanical
properties of 124 Cr-Mo-V steel
at room temperature.
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